The structural properties of the Aβ42 peptide, a main constituent of the amyloid plaques formed in Alzheimer's disease, were investigated through a combination of ion-mobility mass spectrometry and theoretical modeling. Replica exchange molecular dynamics simulations using a fully atomic description of the peptide and implicit water solvent were performed on the -3 charge state of the peptide, its preferred state under experimental conditions. Equilibrated structures at 300K were clustered into three distinct families with similar structural features within a family and with significant root mean square deviations between families. An analysis of secondary structure indicates the Aβ42 peptide conformations are dominated by loops and turns but show some helical structure in the C-terminal hydrophobic tail. A second calculation on Aβ42 in a solventfree environment yields compact structures turned "inside out" from the solution structures (hydrophobic parts on the outside, polar parts on the inside). Ion mobility experiments on the Aβ42 -3 charge state electrosprayed from solution yield a bimodal arrival time distribution. This distribution can be quantitatively fit using cross-sections from dehydrated forms of the three families of calculated solution structures and the calculated solvent-free family of structures. Implications of the calculations on the early stages of aggregation of Aβ42 are discussed.
Introduction
Alzheimer's disease (AD) belongs to a family of neurodegenerative disorders associated with pathological folding and aggregation of peptides and proteins in the brain. A common feature of these diseases is the formation of amyloid fibrils and plaques. The presence of these plaques among AD patients and an understanding of their genetic origin lead to the amyloid hypothesis to explain the progress of the disease (1) . This hypothesis posits that amyloid plaques are central to onset and development of AD. The pros and cons of this hypothesis have recently been reviewed (2) .
In recent years, it has become apparent that neither the plaques nor the monomeric protein units are the main pathogenic agents in AD (3) . What appears to be primarily responsible are small, soluble oligomers termed paranuclei (5 or 6 monomer units) or ADDLs, and protofibrils (4) (5) (6) (7) (8) (9) . Hence, the research focus on AD has shifted from characterizing the amyloid fibrils to understanding the detailed role, structure, and mechanism of formation of these species (10, 11) .
The monomer unit in AD is termed the amyloid β-protein (Aβ). Aβ is formed from the large transmembrane amyloid precursor protein (APP) by cleavage by β-and γ-secretase.
While a variety of Aβ peptides are produced, the two dominant forms are Aβ40 and Aβ42, composed of 40 and 42 amino acid residues, respectively. The average molar ratio of Aβ40:Aβ42 in vivo is ~ 10, but Aβ42 is the dominant form found in amyloid plaques and is the more neurotoxic of the two species (3, 5, 12) . 4 While the nature of the amyloid fibrils has been successfully probed using a number of experimental techniques (13) (14) (15) (16) (17) (18) (19) (20) , the structural characterization of the Aβ monomer remains difficult due to its tendency to aggregate. A limited number of NMR studies have been reported on fragments of the Aβ monomer (21) (22) (23) (24) as well as on full-length peptides in which the Met35 residue was oxidized (25, 26) . Only a single NMR study has been performed to date on unmodified Aβ40 and Aβ42 monomers in water (26) . This study produced important information about regions of localized stability of the peptides, but due to lack of long-range constraints failed to provide a complete atomic characterization of the peptide. In order to understand the aggregation process and why different fragments and mutants aggregate at different rates and apparently by different pathways, it is crucial that monomer structures be obtained. Consequently, the primary goal of the work reported here is to obtain a global tertiary family of structures of wild type Aβ42 using a combination of ion mobility methods and molecular modeling. Ion mobility provides cross-section data that, it will be argued, correlate with both solution and solvent-free Aβ42 conformations. These cross-sections provide an important benchmark against which the modeling can be assessed. The modeling, on the other hand, provides detailed structural information and information on how environment affects that structure. We focus here on the modeling. A detailed treatment of the experimental portion of the work is currently in press (27).
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Methods
Experiment
The ion mobility measurements (28, 29) were performed on a homebuilt instrument that has been previously described (30) . Ions are formed by nanoelectrospray (nano-ESI) and injected through a small capillary into an ion funnel. The funnel transmits the ions to the entrance of the mobility cell where it stores them. Every 10 -3 seconds a pulse of stored ions is injected into the mobility cell filled to 5 Torr with helium gas. The ion pulse drifts through the gas under the influence of a weak electric field, exits the cell, passes through a quadrupole mass filter and is detected as a function of time. The arrival time distribution (ATD) contains information regarding the shapes of the ions and whether more than one conformer is present in the mass-selected ion beam. This information can be quantified in the following manner. The velocity, v D , of an ion drifting through a gas under the influence of a weak electric field E, is proportional to that field;
where the proportionality constant K is termed the ion mobility. By making measurements at a variety of electric field strengths, very accurate values of K can be obtained (31) . Kinetic theory relates K to the ion-He collision cross-section σ, which in turn can be related to the time the ion packet arrives at the detector, t A :
where q is the ion charge, T the temperature in Kelvin, p the pressure in Torr, µ the reduced mass of the ion-He collision partners, N the He gas density at 273 K and 760
Torr, k b the Boltzmann constant, ! the cell length and t 0 the time the ion spent exiting the 6 mobility cell until reaching the detector. All of the parameters on the right-hand side of equation 2 are known or can be measured accurately, therefore a precise value of σ can be obtained. When a mass spectrum is desired, the ion funnel is no longer used as storage device and the ions pass continuously through the cell to the detector.
Wild type Aβ42 was synthesized by Fmoc (N-(9-fluorenyl) methoxycarbonyl) chemistry, purified by reversed-phase HPLC and characterized by mass spectrometry and amino acid analysis (32) . Samples for nano-ESI were prepared by dissolving previously 
Modeling
At pH7, the wild type Aβ42 peptide (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAII GLMVGGVVIA 42 ) contains six negatively-charged side chains and three positivelycharged side chains, producing a charge on the molecule of -3. This is the species modeled here. Modeling was done using the CHARMM all-atom force field (33) with the covalent bonds involving hydrogen kept constant using the SHAKE algorithm (34).
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The dynamics were propagated with a time step of 2 fs. The solvent effects were modeled through the GB/SA solvation scheme (35) . The simulations were organized according to the replica exchange (REX) protocol ( 
Results
A typical nano-ESI mass spectrum is shown in Figure 1 . The -3 charge state is largest as expected from the -3 charge on the peptide in solution. Also evident are a -4 charge state, a very small -2 charge state and a feature that appears to have a charge of -5/2. This latter 8 peak is clearly a dimer or higher-order aggregate and is discussed in detail elsewhere (27) . The high-resolution spectrum of the -3 charge state ( Figure 1 propensity for helix formation and cluster #3 is more prone to forming β-strands. In contrast, cluster #2 contains conformations in which both helices and β-strands appear in the C-terminal region. The amount of ordered α-or β-structure observed in the conformations from all clusters is small. At most, the ordered residues constitute 10-20% of the total sequence for any conformation.
Is the existence of three distinctly different families of solution structures consistent with our experimental data? Figure 2e shows the ATD expected for a mixture of solvent-free and dehydrated Aβ42 molecules. The percentages of solvent-free and dehydrated structures, 31% and 69%, respectively, is chosen to best match experiment. The population of families #1, #2, and #3 within the dehydrated structures is assumed to be 58%, 23%, and 19%, reflecting the percentages of the three families of structures obtained in the calculation. In constructing the model ATD, we assumed that there was rapid interconversion between structures within a given family but no interconversion 12 between families on the timescale of the experiment (~1 millisecond). Kinetic theory (31) was used to obtain the model line shapes. The shape of the theoretical ATD agrees remarkably well with experiment ( Figure 2d ). The presence of the smaller cluster families 2 and 3 provides a reasonable explanation for the broadening of the two main peaks observed in the experiment.
Discussion and Conclusions
By drawing on the complementary strengths of ion-mobility mass spectrometry and theoretical modeling, we were able to shed new light on the conformational states of the Aβ42 (25, 26) . The percentage of ordered residues in soluble Aβ42 found in our simulations agrees reasonably well with percentages determined by NMR and CD (43) (44) (45) (46) that estimate the amount of unordered structure to be 60-80%, of α-helices to be < 13 10% and of β-sheets to be ~ 10-20%. CD measurements are expected to yield higher percentages of ordered secondary structure elements as they provide an average picture taken over all monomers and oligomers (dimers, trimers, etc.) that exist in dynamic equilibrium in vitro, while here only the secondary structure of monomers is assessed.
Oligomers are likely to contain elements of secondary structure not present in the monomeric form. The paucity of regular secondary structure elements in the monomeric peptide in solution contrasts with its mostly helical form in a membrane-like environment (47) and its β-sheet structure when incorporated in the amyloid fibril (13).
Previous solution NMR studies (22, 23, 25, 26) indicated that Aβ can possess localized regions of well-defined structure. In particular, the central hydrophobic residues Leu17-Ala21 (Leu-Val-Phe-Phe-Ala) (23) of the Aβ10-35 peptide were found to be wellstructured. This region, known as the central hydrophobic cluster (CHC), has been shown to be critical for fibril formation (48, 49) . The CHC also was found to be well-structured in Aβ40 ox and Aβ42 ox (25, 26) , peptides in which Met35 is oxidized, as well as in the 
